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Abstract
A robust route for the biased production of single handed chiral structures has been found in generating non-spherical, multi-
component double emulsions using microfluidics. The specific type of handedness is determined by the final packing geometry of
four different inner drops inside an ultra-thin sheath of oil. Before three dimensional chiral structures are formed, the quasi-one
dimensional chain re-arranges in two dimensions into either checkerboard or stripe patterns. We derive an analytical model
predicting which pattern is more likely and assembles in the least amount of time. Moreover, our dimensionless model accurately
predicts our experimental results and is based on local bending dynamics, rather than global surface energy minimization. This
better reflects the underlying self-assembly process which will not, in general, reach a global energy minimum. In summary,
using glass microfluidic techniques for channeling aqueous fluids through narrow orifices of multi-bore injection capillaries while
encapsulating these fluids as drops inside an ultra-thin sheath of oil is sufficient to produce single-handed chiral structures.
To understand the importance of single handed chiral-
ity, one has to look no further than biomolecules that
give us life [1] - [5]. The amino acids and sugar molecules
that are building blocks of proteins and DNA are all ho-
mochiral and one of the great mysteries in understanding
the origin of life is how these enantiomers of an exclusive
handedness came into existence [6] - [8]. The quandary
arises because chemical reactions produce racemic struc-
tures, that is, equal amounts of left and right handed
chiral molecules unless painstaking care is taken by in-
troducing a chiral catalyst into a reaction flask.
In this Letter, we report a strategy for breaking left
- right symmetry by biasing the production of sub-
millimeter-size chiral structures [9] towards one type of
handedness. Using glass microfluidic devices [10], the chi-
ral structures we generate are multi-component double
emulsions, drops nested inside of drops. For generating
chiral macro-“molecules” with this strategy, two condi-
tions need to be met. One condition is that the intrinsic
spherical shape of the double emulsion structure needs
to be altered into something molecular-like, such as the
shape of configurational isomers [11], [12]. The second
condition is encapsulation of at least four different in-
ner drops [13], [14] of either different sizes or different
compositions.
We form non-spherical double emulsions by encapsu-
lating multiple drops inside an ultrathin shell using a sin-
gle step emulsification technique. This technique requires
a custom designed multi-bore injection glass capillary in
our microfluidic device [15]. To operate such a device, for
example, a dual bore injection capillary device, we pump
at least four different fluids through the device as seen
in the schematic of Fig. 1 a. For double emulsions with
just two different inner drops, we use aqueous fluids con-
taining red and blue dyes as encapsulants. These inner
drops are stabilized by both surfactants and an ultrathin
shell of the middle phase
By fixing flow rates of middle Qoil, continuous Qaq,
FIG. 1. (Color online) Production of multi-component
dimers and trimers. a.) Schematic of microfluidic device
for generating non-spherical double emulsions. The middle
fluid is represented by very thin dark line on outside of injec-
tion capillary. b, c.) Optical microscope images of dimer and
trimer generation in a microfluidic device using a dual bore
injection capillary. Inner water drops, dyed red and blue, ap-
pear as white and grey colored drops, respectively. They are
encapsulated in a barely discernable thin sheath of oil. For
b.) Qred = 100 µl/hr and for c.) Qred = 500 µl/hr. Flow
rates of blue inner fluid, Qblue = 100 µl/hr , middle fluid,
Qoil = 300 µl/hr, and outer fluid, Qaq = 30,000 µl/hr are
constant in both cases. Scale bars are 100 µm.
and one of the inner phases, two different droplet con-
figurations emerge. [16] For example, at high flow rates
of continuous phase, and low flow rate of middle phase,
either all dimers or all trimers are produced containing
two distinct components. Difference between dimer and
trimer production is increased flow rate of one of the in-
ner fluids while keeping the other inner phase fixed as
seen in Fig. 1 b and 1 c.
To demonstrate the control we have, we generate a
large number of monodispersed double emulsions shaped
as dimers containing two different sizes of inner drops as
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FIG. 2. (Color online) Control and sequence of two different inner droplets inside a limiting volume of oil. A.
Optical microscope image of dimers with one red and one blue inner drop. B. Four different trimers. Trimers contain three
different inner drops inside an indiscernible ultrathin oil layer. Insets : Magnified images of individual double emulsions.
Scale bars are 200 µm. C. Time Sequence: Trimer Generation From a Dual Bore Capillary. a.) and b.) First two drops are
connected at the nozzle to their respective orifices by an ultra-thin layer of oil. c.) Light colored drop pinches off first from its
orifice since its flow rate is 5x that of dark drops. d.) Another light colored drop emerges from its orifice. e.) First two drops
begin to align with outer flow as they move away from nozzle while still attached to a third drop. A fourth drop appears. f.)
Third inner drop begins to pinch off from nozzle while fourth drop becomes larger. g.) Trimer begins to pinch-off. Last drop
is smaller than previous two, having spent less time at nozzle because a greater drag force pulls on it from first two drops and
continuous phase. h.) Trimer pinches off and is free to move in the flow. Scale bars denote 30 µm.
shown in the optical microscope image in Fig. 2 A. To
illustrate the range of non-spherical geometries [17] - [20]
possible with this technique, we show four variations of
trimers in Fig. 2 B. The four trimer variations are each
generated with a different device indicating the overall
robustness of our technique. The ultrathin sheath of oil
is not observable in these figures, as it is approximately
1000 nm or less [21]. Moreover, these interfaces are highly
stable due to thinness of the shell and addition of surfac-
tants in the oil preventing inner drops from merging with
each other or the continuous fluid.
The mechanism for self-assembling non-spherical dou-
ble emulsions, whether dimers, trimers or tetrahedral
structures, is purely deterministic. [22] For example, if
the process was stochastic we would expect that a red-
blue-red trimer would eventually be followed by a blue-
red-blue trimer; instead, red-blue-red trimers are always
followed by more red-blue-red trimers, thus skipping a
blue drop. This has the technical advantage of achieving
monodispersity since the first two inner drops, red (light)
and blue (dark) straddle the nozzle as seen in parts a)
and b) of Fig. 2 C. While these two coupled drops pivot,
a third drop emerges as shown in parts c) - e) in Fig. 2 C.
When the shearing force from the continuous phase over-
comes the interfacial tension force [23], [24], the trimer
begins to partially detach as seen in Fig. 2 C f) and g)
until it completely detaches as seen in Fig. 2 C h).
We now focus on dynamics of four inner drops, the
smallest number of different drops that can form chiral
structures. As in the case of trimers, encapsulated drops
alternate between red and blue when exiting the capil-
lary to form a quasi-one dimensional chain. With images
taken from a high speed camera and optical microscope,
we track the motion of droplets before and after pinching-
off from orifices of a dual bore capillary as seen in Fig. 3
a and b. Four different sizes of inner drops emerge with
the last drop in the sequence again the smallest. After
detaching from the orifice, encapsulated drops initially
stay in a quasi-one dimensional configuration because of
their high volume fraction and surrounding flow of con-
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FIG. 3. (Color online) Two different self assembly routes
for generating chiral double emulsions both before and after
pinch-off from a dual bore injection capillary. Last column
in each set of images contains sketches of the final stages of
the self-assembly process. While re-arranging in 2D, drops
form either a.) Checkerboard pattern or b.) Stripe pattern.
c.) Illustration of U-bending and S-bending. Note how U-
bending leads to a checkerboard pattern while S-bending will
lead to a stripe pattern.
tinuous phase. Then they bend into two-dimensional and
three-dimensional configurations that reduce surface en-
ergy as shown in the ‘after pinch-off’ images of Fig. 3
and b. Perturbations to the initial linear configuration
lead to one of two possible instabilities: drops can bend
in a “U” shape forming a checkerboard pattern or an “S”
shape to form a stripe pattern as illustrated in Fig. 3 c
and shown in the data of Fig. 3 a and b.
We develop an analytical model to predict which
two-dimensional arrangement, checkerboard or stripe, is
most prevalent and which bending mode requires the
FIG. 4. (Color online)a.) Schematic of θ, z used in our
analytical model, b.) the Jacobian matrix , and c.) eigen-
vectors and eigenvalues representing checkerboard and stripe
patterns.
least amount of time. In our dimensionless toy model,
each drop, identical in size but alternating in color, is
parametrized with a height zi, and interacts with its near-
est and next-nearest neighbors through a capillary term
that depends only on bending angles as illustrated in Fig.
4 a. Each bending angle, two angles for four droplets,
is defined as the angle circumscribed by the centers of
three neighboring drops. In the limit of small angles,
the bending angle is expressed as: θi =
2zi−zi+1−zi−1
radius
with the radius of drops taken to be 1. Since we are
interested in the small-angle limit, we approximate the
dimensionless bending energy to be quadratic: E =
− 12
(
(θ1)
2
+ (θ2)
2
)
. [25]
Since the system is at low Reynolds number, Re ≈
0.5 [26], droplet re-arrangement rates will be linear with
the capillary force. Assuming the system takes a steepest
descent [27], the bending rate can be expressed as the po-
tential energy gradient z˙i = − dEdzi [28]. From this, we can
construct a Jacobian matrix M where ~˙z = − dE
d−→z = M
−→z
as shown in Fig. 4 b. Solving this gives two non-trivial
eigenvectors representing “U” and “S” - bending: (1,-1,-
1,1) and (1,-3, 3,-1) for eigenvalues 2 and 10, respectively,
as shown in Fig. 4 c).
Our model predicts that configurations with “S” -
bending (stripe) will fold 5 times faster than “U” - bend-
ing (checkerboard). Using image analysis techniques, we
calculate the temporal evolution of overall length/initial
length for three double emulsions with a stripe pattern
and three double emulsions with a checkerboard pattern
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FIG. 5. (Color online) a.) Overall length length/initial
length for 3 checkerboard, 3 stripe, and 3 trimer double emul-
sions as a function of time. Double emulsions which generate
stripe patterns assemble 5.6 times faster than double emul-
sions which generate checkerboard patterns. Insert: A sum-
mary of re-arrangement times for each bending mode. b.)
Table comparing the ratio of three different bending modes,
the ratio of eigenvalues, to the ratio of re-arrangement times
from experiments.
as shown in Fig. 5 a. It should be noted that all subse-
quent double emulsions re-arrange exactly the same way.
The initial length is the length of the linear configuration
immediately after detaching from the orifice.
Remarkably [29], we find good agreement between ob-
served bending time ratios and our model: in experi-
ments, “S” - bending double emulsions are faster than
“U” - bending by ∼ 5.6 times. Difference between the-
ory and experiment is likely due to a combination of fluid
mechanical considerations, where due to lubrication ef-
fects and low Reynolds number interactions, the system
will take something other than a steepest descent, and
non-linear terms will come into play when displacements
become larger. [30]
Our model also correctly predicts that “S”-bending
will be more prevalent than “U”-bending as an ini-
tial S-perturbation will quickly outgrow an initial U-
perturbation of the same size. However, even though
experiments confirm this, our model predicts this with-
out capturing initial conditions which also play a vital
role in the final outcome of stripes or checkerboards. Fi-
nal configurations depend on initial angles as indicated
by the arrows in Fig. 3 a and b. No two devices are
identical: a device that produces an initial state with a
very strong U-perturbation will overpower the dynami-
cal bias towards S-bending, giving U-bent (checkerboard)
final configurations. While the overwhelming majority
of devices produce stripes, some devices will generate
checkerboards. The key feature, though, is that once a
configuration is generated, subsequent double emulsions
produced will bend in exactly the same way [31]. This is
also evident with dimers and trimers.
To further validate our toy model, we compare re-
arrangement rates of tetragonal structures, both stripes
and checkerboards, to trimers as shown in Fig. 5 a. With
trimers, the model gives only one eigenvalue, 6, corre-
sponding to an eigenvector of (-1,2,-1) [32]. By evaluat-
ing the ratio of eigenvalues to the ratio of re-arrangement
times, there is remarkable agreement between the model
and experiment as seen in the values of table of Fig. 5 b.
As seen in videos, [31], all inner drops re-arrange in
exactly the same manner for a particular device and flow
rates. Videos show multi-component double emulsions
which break left-right symmetry by generating tetrag-
onal double emulsions of only one type of handedness.
Moreover, in all experiments involving a dual bore injec-
tion capillary, we produce chiral structures of only one
type of handedness.
One question worth addressing is why tetragonal struc-
tures do not form immediately at the nozzle. In our three
dimensional device, hydrodynamic flow of the continu-
ous phase plays a different and more complicated role
than for two-dimensional PDMS devices where strings
of drops are initially forced into linear configurations by
the walls of the device before entering a wide chamber
[12]. In our work, increasing the shear force by increas-
ing flow velocity of the continuous phase results in drops
being stretched out into a nearly linear chain with the
last drop anchored at the nozzle; this chain of drops is
prevented from bending because of high fluid shear at
the nozzle. Once drops detach from the capillary’s noz-
zle, the drops inside their thin elastic membrane are free
to shuffle around as they travel to a region of lower fluid
shear in the device.
In summary, we have generated, using glass microflu-
idic techniques, linear chains of encapsulated drops
which self assemble into chiral structures with the same
handedness. Our analytical model based on bending
rates, rather than global energy minimization, presents a
new approach for describing dynamics of self-assembling
droplet structures. Understanding the dynamical behav-
ior of these encapsulated inner drops through bending
rates can allow the prediction and construction of more
4
complicated, yet flexible, self-assembling structures than
those presented here. Furthermore, if these structures
can be made to respond to external triggers before chang-
ing their shape, a whole new range of applications in var-
ious industries, particularly the pharmaceutical and soft
robotics industries, would be possible.
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Supplemental Material for “Breaking Chiral Symmetry with Microfluidics”
I. FLUIDS, DEVICE MATERIALS AND METHODS
A. Fluids
For generating multi-compartment double emulsions, we use the following fluid combinations as previously reported
in [1]: the outer phase is water with 10 w/w % poly (vinyl alcohol) (PVA; MW: 13000-23000 g/mol, 87-89% hydrolyzed,
Sigma-Aldrich Co.), the middle phase contains kerosene with 8 w/w % PGPR-90 and 2 w/w/% Abil-EM -90, and the
inner phases contain water with either Allura Red (Sigma-Aldrich), Toluidine Blue (Spectrum), Wright Stain Blue
(Sigma-Aldrich) dyes or without any dyes. Before putting fluids that flow through the channels of the multi-bore
capillary into syringes, the fluids are filtered through 0.7 µm filter paper. This prevents clogging of device channels.
B. Preparation of devices
Capillary microfluidic devices are fabricated with round dual, triple, and quadruple bore injection capillaries and
square capillaries purchased from Atlantic International Technology (AIT glass). For example, the dual bore glass
capillary has an outer diameter of 1.55 -1.65 mm, bore sizes of 400 microns, and a septum of 0.635 mm.
The capillaries are tapered with a micropipette puller (Suter Instrument Co, Model P-97) with additional tapering
of the collection capillary achieved by sanding the orifice with sand paper. Before anchoring the round capillaries
into the square capillary, their surfaces are dipped in one of two silanes for a few minutes. To render the multi-bore
injection capillary hydrophobic, we dip the capillary into trimethoxy(octadecyl)silane (Sigma-Aldrich) ; to render the
collection capillary hydrophillic, we dip it into 2-[methloxy(polyethyleneoxyl-propyl] 9-12 trimethoxysilane (Gelest).
The injection capillary is either anchored slightly inside or outside the collection capillary with epoxy.
C. Device operation
Each inlet of the device is connected to glass syringes using polyethylene tubing (Scientific Commonities-PE5).
The flow rates of fluids are controlled using syringe pumps (Harvard PHD 2000 series). Typical flow rates used for
producing non-spherical drops are: outer flow rate, Qaq, which is between 10,000-30,000 µl/hr, middle, Qoil, and
inner flow rates, Qred and Qblue, which are between 100-500 µl/hr. The combined inner flow rates are about twice
the middle phase’s flow rate.
D. Sample Characterization
The production of non-spherical double emulsions is monitored in the microfluidic device using an inverted optical
microscope (DM-IRB, Leica) fitted with a fast camera (Phantom 9, Vision Research). After fabrication, the emulsions
are imaged on a glass slide with an inverted microscope (Nikon TE2000-E) equipped with a color digital camera (Nikon
Sight DS-U1).
E. Description of Chiral Double Emulsion Generation
Before pinching off from the nozzle of the injection capillary, inner drops of different sizes pack inside an ultrathin
film of oil with alternating red and blue colored aqueous drops. The four encapsulated aqueous drops, bound by a
thin meniscus of oil, proceed from the injection capillary in succession maintaining a quasi-linear configuration of
red-blue-red-blue inner drops.
After pinch-off, interfacial tension forces the linear configuration to fold into compact structures. The evolution
is recorded using a Phantom fast camera as seen in the time lapsed images of U-bending in Figure S1. Due to the
system being at low Reynolds number, as the inner drops re-arrange, they do so in a completely deterministic manner.
As the filament of encapsulated drops is never perfectly straight after pinch-off, how the drops exit the orifice of the
injection capillary determines how they re-arrange downstream. Additionally, the inner drops do not coalesce with
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2FIG. 1: Time sequence of U-bending. The scale bar is the same for all images.
each other due to the thin meniscus and surfactants between them. Moreover, each microfluidic device produces
double emulsions which self assemble identically as shown in the time series of Figure S1.
F. Surface tension
Interfacial tension between red water drops and kerosene with surfactants is 4.8 mN/m, interfacial tension between
blue water drops and kerosene with surfactants is 5.6 mN/m, and interfacial tension between kerosene and surfactants
with the continuous aqueous phase is 3.8 mN/m.
3FIG. 2: S-bending with images of the double emulsions.
FIG. 3: U-bending with images of the double emulsions. Red drops are colorized to guide the eye.
4FIG. 4: Drops re-arranging into trimer configurations.
5II. DERIVATION OF JACOBIAN MATRICES FOR TRIMERS AND QUADRAMERS
A. Note on Hessians and Jacobians
Consider a set of particles having positions ~z. The energetic interaction force between particles is
FInteract (z) = −dEInteract
d~z
Assuming the configuration is close to a fixed point, we can write this in terms of the Hessian matrix via a Taylor
series expansion and using the fact that the energy, as a function of z, is an even function.
FInteract (z) = −d
2EInteract
d~z2
· ~z
At low Reynolds number, any interaction force must be balanced with a viscous force. The viscous force is related
to particle velocities by the viscosity
←→
Visc, which may include off-diagonal interaction terms.
−FInteract (z) = FVisc =
←→
Visc · ~˙z
We may now derive the Jacobian:
~˙z = −
←→
Visc
−1
FInteract (z) = −
←→
Visc
−1 d2EInteract
d~z2
· ~z = MJacobian~z
where:
MJacobian = −
←→
Visc
−1 d2EInteract
d~z2
In this paper, we assume that the system takes a steepest descent, i.e.
←→
Visc ∝ I; this results in the Jacobian being
proportional to the Hessian. In reality, viscous interactions between particles will give rise to off-diagonal terms in
←→
Visc and prevent the system from taking an exact steepest descent. The minus sign arises because a positive velocity
gives a negative viscous force. Thus the diagonal terms in the viscosity matrix are negative.
B. Trimer Jacobian
Because the trimer Jacobian is simpler, we will derive it first. The energy of a trimer only comes from one bending
angle:
ETrimer = −1
2
(θ1)
2
Plugging in:
θ1 = 2z1 − z0 − z2,
we find:
ETrimer = −1
2
·
 +z20 −2z0 · z1 +z0 · z2−2z0 · z1 4z21 −2z1 · z2
+z0·z2 −2z1 · z2 +z22
 .
This allows us to construct the trimer Jacobian MTrimer:
6~˙z ≈ −dETrimer
d~z
=
 1 −2 1−2 4 −2
1 −2 1
~z = MTrimer · ~z
MTrimer has one non-zero eigenvector of (-1, 2, -1), having an eigenvalue of 6.
C. Quadramer Jacobian
The energy of a quadramer comes from two bending angles:
EQuadramer = −1
2
[
(θ1)
2
+ (θ2)
2
]
.
Plugging in:
θ1 = 2z1 − z0 − z2. θ2 = 2z2 − z1 − z3,
gives:
EQuadramer = −1
2
·
+z
2
0 −4z0 · z1 +2z0z2 +0
+0 4z21 −4z1 · z2 +0
+0 +0 +z22 +0
+0 +0 +0 +0

︸ ︷︷ ︸
(θ1)
2
−1
2
·
+0 +0 +0 +0+0 +z21 −4z1 · z2 +2z1z3+0 +0 4z22 −4z2 · z3
+0 +0 +0 +z23
 .
︸ ︷︷ ︸
(θ2)
2
This allows us to construct the quadramer Jacobian MQuadramer:
~˙z ≈ −dEQuadramer
d~z
=

 1 −2 1 0−2 4 −2 01 −2 1 0
0 0 0 0

︸ ︷︷ ︸
θ1 Component
+
0 0 0 00 1 −2 10 −2 4 −2
0 1 −2 1

︸ ︷︷ ︸
θ2 Component

· ~z =
 1 −2 1 0−2 5 −4 11 −4 5 −2
0 1 −2 1
 · ~z = MQuadramer · ~z.
MQuadramer has two non-zero eigenvectors:
1. (1, -1, -1, 1), which represents U-Bending, has an eigenvalue of 2.
2. (1, -3, 3, -1), which represents S-Bending, has an eigenvalue of 10.
This predicts that U-Bending will be 5 times slower than S-Bending, and 3 times slower than trimer bending.
III. BENDING ENERGY WITH DIMENSIONS
With appropriate dimensions, the bending energy can be expressed as:
E = −γ l2 (θ21 + θ22)
where γ is the surface tension and l is a characteristic length. For this equation to hold, two important conditions
must be met:
1. l << R where R is the radius of the drops, and
2. z << R where z is the position of the center of the drops.
7For the first condition, we can determine a value for l based on experimental parameters. Starting with the energy
due to surface tension:
E = γ l2
and from the definition of Stoke’s viscous drag force divided by velocity:
Viscous drag force/velocity = µ R
from which we can determine the speed:
speed =
force×R
µR×R =
energy
µR2
and thus the bending rate is:
Bending rate (1/bending time) =
speed
R
=
γl2
µR3
Thus the characteristic length l can be determined in terms of known experimental parameters:
l =
√
µ R3
γ t
Using experimental values where
µ = 0.00164
N · s
m2
and γ = 5.2 × 10−3 N
m
For U bending: t = 90 ms and R ≈ 20 µm, we get l to be 0.167 µm.
For S bending: t = 16 ms and R ≈ 10 µm, we get l to be 0.14 µm.
Both of these l values are much less than the radius of the drops. Note that this hand-waving derivation does not
take into consideration the number of drops or eigenmodes.
For the second condition, we acknowledge that z is not much less than R. Nonetheless our model describes our
experimental results quite well.
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